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Biomechanical models are used extensively to study risk factors, such as peak stresses, for vulnerable
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interpolating between cross sectional contour data which have a certain axial sampling, or image,
resolution. The inﬂuence of the axial sampling resolution on computed stresses, as well as the
comparison of 3D with 2D simulations, is quantiﬁed in this study. A set of histological data of four
atherosclerotic human coronary arteries was used which were reconstructed in 3D with a high
sampling (HS) and low sampling (LS) axial resolution, and 4 slices were treated separately for 2D
simulations. Stresses were calculated using ﬁnite element analysis (FEA). High stresses were found in
thin cap regions and regions of thin vessel walls, low stresses were found inside the necrotic cores and
media and adventitia layers. Axial sampling resolution was found to have a minor effect on general
stress distributions, peak plaque/cap stress locations and the relationship between peak cap stress and
minimum cap thickness. Axial sampling resolution did have a profound inﬂuence on the error in
computed magnitude of peak plaque/cap stresses (715.5% for HS vs. LS geometries and 724.0% for HS
vs. 2D geometries for cap stresses). The ﬁndings of this study show that axial under sampling does not
inﬂuence the qualitative stress distribution signiﬁcantly but that high axially sampled 3D models are
needed when accurate computation of peak stress magnitudes is required.
& 2012 Elsevier Ltd. Open access under the Elsevier OA license. 1. Introduction
Atherosclerosis is characterized by plaque formation in the
arterial wall (Virmani et al., 2000). Plaque rupture may lead to
thromboembolism, possibly causing acute myocardial infarctions
and ischemic strokes (Falk et al., 1995; Yuan et al., 2002). Rupture
prone plaques, termed vulnerable plaques, generally consist of a
large necrotic core separated from the lumen by a thin macro-
phage inﬁltrated ﬁbrous cap (Schaar et al., 2004; Virmani et al.,
2006).
To improve clinical decision making for medical treatment
much attention has been focused on understanding vulnerable
plaque rupture. The biomechanical approach treats plaque rup-
ture as an event of mechanical failure, where stresses in the cap
lead to its rupture if they exceed the cap strength (Loree et al.,r Rotterdam, Department of
322, P.O. Box 2040, 3000 CA
fax: þ31 10 70 44720.
. Nieuwstadt).
sevier OA license. 1992; Sadat et al., 2010; Redgrave et al., 2008; Tang et al., 2009).
Finite element analysis (FEA) is often used to provide insight into
the stress distribution in plaques and the dependence of plaque
stress on morphological and geometrical factors such as cap
thickness, necrotic core size, luminal curvature and microcalciﬁ-
cations (Akyildiz et al,. 2011; Gao et al., 2009; Sadat et al.,
2011a,b; Vengrenyuk et al., 2006; Teng et al., 2011a, b; Creane
et al., 2010a,b; Rambhia et al., 2012; Maldonado et al., 2012). In
addition to contributing to understanding of plaque rupture (Gao
et al., 2011), biomechanical modeling also shows potential for
non-invasive identiﬁcation of vulnerable plaques using novel risk-
stratiﬁcation criteria (Sadat et al., 2011a, 2011b).
Reliable stress assessment using FEA critically depends on
accurate reconstruction of the plaque geometry. The plaque
geometry is typically obtained from a range of in vivo or ex vivo
imaging methods including MRI (Kock et al., 2008; Li et al., 2008;
Teng et al., 2011a,b; Sadat et al., 2009; Huang et al., 2011), CT
(Creane et al., 2010a,b, Maldonado et al., 2012), OCT (Chau et al.,
2004), intravascular ultrasound (Ohayon et al., 2001; Kural et al.,
2012, Baldewsing et al., 2004) and histology (Huang et al., 2001;
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Vengrenyuk et al., 2010). In the case of 2D FEA simulations,
plaque components are delineated in cross sectional images, and
a plane strain analysis is performed. For 3D simulations, cross
sectional images are predominantly obtained from MRI volume
data which typically consist of anisotropic voxels with an in-plane
resolution being in the order of 5–10 times higher than the axial
resolution (voxel dimensions of 0.2–0.6 mm in-plane vs. 1–2 mm
axial) (Yuan et al., 2004). The 3D geometry is reconstructed by
axially stacking cross sectional segmented contours with a dis-
tance which will be referred to in this study as the axial sampling
resolution. For contours derived from volume image data, the
axial sampling resolution is equal to the axial voxel dimension
while for contours based on histology it is equal to the slice
distance. Upon stacking the contours, interpolation is used to
generate the 3D arterial geometry.
This study aims to quantify the inﬂuence of axial sampling
resolution on computed peak plaque and cap stresses using FEA.
This will be done by performing stress simulations on a set of
histology based atherosclerotic arterial segments. Each segment
will be reconstructed in 3D using a high axial resolution and a low
axial resolution. For each segment also 2D simulations will be
performed and compared to the 3D models.2. Methods
2.1. Histology and segmentation
To investigate the inﬂuence of axial sampling resolution on computed stresses,
we needed a data set of diseased arteries with a sufﬁciently high resolution that
can serve as a gold standard. We used a histological set of human coronary arteries
with an axial slice distance of 0.5 mm. We selected 4 arterial segments with a
length of 3 mm (7 slices). The selection criteria were such that each segment had
at least one large necrotic core and at least one thin cap. Before sectioning, the
arteries were decalciﬁed and perfusion ﬁxated with formalin at 100 mmHg and
stained with a Movat pentachrome staining to enable segmentation of the plaque
components. Manual segmentation of the lumen, necrotic cores, media and
adventitia layers was performed (Fig. 1).Fig. 1. Histological cross sections and their delineated c2.2. Geometry reconstructions
To reconstruct the 3D geometries, the slices were stacked vertically by
alignment of the luminal center of gravity. For each arterial segment, a reference
geometry using all 7 histological slices spaced 0.5 mm apart was created, referred
to as the high sampling (HS) model. A low sampling (LS) geometry was created to
mimic the in vivo imaging situation which had only 4 slices spaced 1.0 mm apart.
The most extreme case of low sampling would be the use of only a single slice,
thus resulting in a 2D formulation. To investigate and compare results of this
lowest possible sampling resolution to the HS models, four 2D models were
created from the same four slices used for the LS geometry (Fig. 2). Non-uniform
rational basis spline interpolation in Gambit (Fluent Inc., ANSYS, Canonsburg,
Pennsylvania) was used to interpolate between slices. To avoid reading out values
at the boundary of the simulated domain, an additional top and bottom end slice
were added to each 3D model before geometrical interpolation.
2.3. Material properties and computational analysis
All tissues were assumed to be homogeneous, hyperelastic and incompres-
sible. The intima and lipid core tissues were assumed to be isotropic and modeled
with the Neo-Hookean material model. The media and adventitia tissues were
modeled with an anisotropic material model (Gasser et al., 2006). The same
material constants were used as in Akyildiz et al. and are listed in Table 1 (Akyildiz
et al., 2011).
All FEA were performed using Abaqus (Version 6.11.1, Dassault Systemes
Simulia Corp., Providence, RI, USA). The models for the 2D simulations were
meshed with four-node linear hybrid elements (100.000 elements). For 3D
simulations, four-node linear hybrid tetrahedral elements were used. All 3D
meshes were created using an iterative adaptive remeshing procedure allowing
for small elements in high stress regions while keeping the total mesh size below
2 million elements. All models contained at least 3 layers of elements in every thin
cap and yielded mesh independent solutions. The initial stress was calculated
using the backward incremental method (de Putter et al., 2007; Speelman et al.,
2011). A static intraluminal pressure of 15 kPa (110 mmHg) was applied as the
loading condition for all models. The 2D models were based on a plane strain
assumption whereas the boundary conditions for the 3D models consisted of
restraining the z-component of the deformation at the axial boundaries.
2.4. Analysis
The maximum principal stress, stress-P1 [kPa], was used as the stress scalar
quantity in this study (Kock et al., 2008). Quantitative comparisons were
performed only at cross sections matching the slices used to create the HS
models. Four out of seven of these slices are shared in all models (HS, LS and
2D) while the other three represent interpolated cross sections for the LS modelsontours. Cap regions are indicated by black arrows.
Fig. 2. Geometry reconstruction procedure (segment 4 used as example). Contours shown in top panel result in the models in the bottom panel. HS uses all 7 histological
cross sections (slice distance 0.5 mm) to re-create the 3D artery geometry, whereas for LS only 4 cross sections are used. 2D simulations are performed on the same 4 cross
sections as used for LS.
Table 1
Material constants of the plaque components.
Tissue type Material constant(s)
Media m¼2.24 kPa, k1¼65.76 kPa, k2¼76.87, f¼50.891 and k¼0.27
Adventitia m¼5.86 kPa, k1¼2069.42 kPa, k2¼394.28, f¼52.541 and k¼0.20
Lipid C¼0.167 kPa
Intima C¼167 kPa
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maximum stress in a cross sectional plane at a particular z-height. The peak cap
stress speciﬁcally refers to the maximum stress in a cap region in a plane.
Computed stresses for HS were compared to LS and 2D cases using Bland Altman
plots which plot the relative difference (in %) as a function of the mean of two
values. Mean slice curvatures in the z-direction (axial) were numerically calcu-
lated from the 3D FEA mesh, by inverting the radius of the osculating circle
through 3 vertically interpolated aligned mesh nodes around the slice and
averaging for the entire lumen wall circumference. A non-parametrical 1-tailed
Mann–Whitney U test was used for comparison between groups of data where a
p-value lower than 0.01 was considered signiﬁcant.3. Results
3.1. Qualitative stress distribution
Longitudinal stress plots are shown in Fig. 3. Within the
reference geometry of each arterial segment, the HS case, we
found a highly heterogeneous stress distribution along the lumi-
nal wall. High stresses were found in the cap regions, regions of
high luminal curvature and in thin vessel walls at the plaque
shoulder areas. Low stresses were found in the soft necrotic cores
and at thick intima regions. Overall peak stresses varied largely,from 205 kPa (segment 1) to 380 kPa (segment 3). When obser-
ving the LS cases, we ﬁrst noticed axial smoothing of geometrical
plaque features (indicated by the white arrows) leading to local
vessel wall thickening or thinning. From a qualitative perspective,
lower axial sampling did not appear to inﬂuence the general
stress distribution except for the case of segment 3 (grey arrow).
At this location, local geometrical changes were observed in both
the curvatures of the geometrical plaque features and in the
thickness of the arterial wall.
3.2. Peak plaque stress
An example of the stress distribution in a shared cross section
is shown in Fig. 4. The cross section contained one necrotic core
with a thin cap leading to a highly heterogeneous stress distribu-
tion. The peak plaque stress was found in a region where the in-
plane luminal wall curvature is relatively high and the vessel wall
is thin. For lower sampling, the qualitative stress distribution and
the location of peak plaque stress remained the same. The computed
magnitude of the peak plaque stress was inﬂuenced however by
lower sampling: for LS the peak plaque stress was higher (186 kPa
vs. 180 kPa) and for 2D also higher (195 kPa vs. 180 kPa).
Fig. 3. Plaque stress-P1 distribution shown on longitudinal cuts through each segment for the HS and LS case. Arrows mark regions of interest.
Fig. 4. Example of a cross sectional stress distribution resulting from all three sampling cases (slice 7 from segment 2, cap thickness 44 mm).
Fig. 5. Bland Altman plots showing the relative difference in peak plaque stress for shared slices of LS compared to HS (A), interpolated slices of LS to HS (B) and 2D to HS
(C) as a function of the average peak plaque stress.
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qualitative stress distribution, as well as the location of peak plaque
stress, was unaffected by lower sampling, but the magnitude of peak
plaque stress was signiﬁcantly inﬂuenced. In Fig. 5, plots show therelative difference of peak plaque stress computed from the HS
model from that of both the LS and 2D models as a function of their
averaged value. For the 16 shared cross sections from LS geometries,
the magnitude of the peak plaque stress compared to that of the HS
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the 12 interpolated cross sections from the LS geometries the
difference with the HS geometries was larger: 9.7712.1%
(p¼0.29, range [30%, þ15%]). For the 16 2D cases the difference
was þ1.2719.8% (p¼0.46, range [33%, þ47%]). The mean in the
latter case was small, which indicates that there was no systematic
bias. Although statistical tests showed no signiﬁcance, the error and
range (19.8% and 47% respectively) were large, indicating a sig-
niﬁcant decrease in the accuracy of calculated peak plaque stresses
when performing 2D simulations instead of 3D HS.3.3. Peak cap stress
The magnitude of the peak cap stress in the example cross
section in Fig. 4 also changed for lower axial sampling. For LS, the
peak cap stress was 8% higher (125 vs. 116 kPa) and for 2D it was
26% lower (86 kPa vs. 116 kPa). This again followed the general
trend that the accuracy of the calculated peak cap stress sig-
niﬁcantly decreased for lower sampling, but without a clear
systematic bias. In Fig. 6, the relative difference in peak cap stress
is plotted as a function of cap thickness for all caps present in the
shared cross sectional slices studied. From the 17 cap regions
identiﬁed, it was found that the peak cap stress in the LS case
deviated þ6715.5% (p¼0.37, range [17%, þ34%]) from the HS
case, and in the 2D case it deviated 1.2724.0% (p¼0.45, range
[41%, þ50%]). As seen in the plots, minimum cap thickness is
not a predictor of whether LS models will either under- or
overestimate the peak cap stress, but as Fig. 6b shows, smaller
cap thicknesses lead to a larger range in errors in calculated
stresses for 2D models.Fig. 7. Peak cap stress as a function of minimum cap thickness for all three
sampling cases.3.4. Cap thickness—peak cap stress relationship
Although lower sampling caused signiﬁcant changes in the
absolute magnitude of peak stresses, we questioned whether
parametrical relationships, such as the relationship between peak
cap stress and minimum cap thickness, were inﬂuenced by lower
sampling. In Fig. 7, we plot this relationship for the HS, LS and 2D
models, which reveals that the relationship was unaffected by
lower sampling. For thin caps (mean thickness of 71 mm), the
mean peak cap stress for HS was 139757 kPa and for thick caps
(mean thickness of 349 mm) 62727 kPa (po0.01). For LS, this
same change was observed: thin caps 120742 kPa and thick caps
60719 kPa (po0.01). Finally, for 2D simulations there was also a
signiﬁcant difference between both groups: thin caps
123744 kPa and thick caps 61726 kPa (po0.01).Fig. 6. Relative difference in peak cap stress for shared slices of LS compared to3.5. Luminal wall curvature—peak plaque stress relationship
To gain insight into why lower sampling leads to a wide, but
unbiased, spread in peak plaque and cap stresses, we quantiﬁed
the effect of axial sampling resolution on the average luminal wall
z-curvature per cross section studied. Luminal wall axial curva-
ture was chosen due to it being the most obvious geometrical
parameter inﬂuenced by axial sampling resolution. In Fig. 8, we
plot the computed difference in average luminal z-curvature per
slice between HS and LS geometries against the difference in
computed peak plaque stress for that slice. Slice mean luminal
z-curvature magnitudes were found to be in the range of
1.4–3.9104 mm1 (mean 2.4104 mm1), which are a factor
10 lower than typical in plane (x, y) curvatures (found to be in the
order of 1103 mm1). Comparing LS to HS, the mean differ-
ence in curvature was 8734%, range [51%, þ70%] which
indicates that luminal wall z-curvature on average tends to
decrease for lower sampling. However, a positive or negative
change in luminal wall z-curvature could not be correlated to an
under- or overestimation in peak plaque stress.4. Discussion
Biomechanical FEA is an increasingly used method to study
vulnerable plaque rupture risk (Sadat et al., 2010), thus it is vital
that its constituents and their effects on model outcomes are well
understood. This study focused on the geometry reconstructionHS (A), and 2D compared to HS (B) as a function of minimum cap thickness.
Fig. 8. Difference in peak plaque stress as a function of difference in slice mean
luminal wall z-curvature when comparing LS to HS.
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stresses. Results showed that lower sampling had a small inﬂu-
ence on the qualitative stress distribution in plaques and on the
location of peak stresses. The 3D qualitative stress distribution
was found to be unaffected, suggesting that an axial sampling
resolution of 1 mm is sufﬁcient to capture the general geometrical
features of atherosclerotic arterial segments. However, regarding
the accuracy of calculated peak cap stresses, lower sampling did
have a profound inﬂuence. Although lower sampling did not lead
to a systematic bias in computed peak cap stresses (þ6% and þ1%
for HS vs. LS and HS vs. 2D), it did lead to a larger error in
calculated values (15.5% for HS vs. LS up to 24.0% for HS vs. 2D).
In order to understand the geometrical changes induced by
lower sampling and their correlation with over- or underpredic-
tion of peak stresses, geometrical analyses were performed. While
lower axial sampling led to geometrical axial smoothing, a
decrease in axial curvature failed to correlate with lower peak
stresses as would, at ﬁrst hand, be expected from a mechanical
perspective. Furthermore, the cap thickness turned out to be an
inadequate predictor for a bias in computed peak stress differ-
ences. It was also observed that lower sampling models did not
include some small necrotic cores and other local morphological
plaque features present in HS models, due to the resolution limit
of 1.0 mm. It can be noted that LS models typically lead to an
underestimation in lipid core axial length, illustrated in Fig. 2.
This underestimation can be up to 1 slice distance (1.0 mm) and
could be signiﬁcant if the missed geometrical information
revealed a thin cap. With regard to spline interpolation, lower
sampling can lead to both a locally thinner or thicker cap or vessel
wall and a higher or lower axial curvature, either increasing or
decreasing peak stresses. Combined, these geometrical effects
lead to a complex interplay of parameters altered by lower
sampling which causes a larger, but unbiased, error in computed
peak stresses in shared slices. This error was larger for inter-
polated slices, implying that stresses in solely non-interpolated
cross sections should be considered for 3D plaque stress
computations.
The most extreme form of under sampling would be the use of
single slice information, thus resulting in a 2D model. The
comparison of 2D models with 3D resulted in the observation
that absolute stress values from 2D simulations deviated signiﬁ-
cantly from the HS models, up to 48% for peak cap stresses. In a
study by Ohayon et al., 2005, a similar discrepancy in peak stress
was found when comparing 2D simulations to 3D based onintravascular ultrasound data from one coronary arterial segment.
Biased stress over prediction and difference in peak stress loca-
tion for 2D models found in that study could be attributed to the
use of a ﬁne and a coarse mesh for 2D and 3D models respectively,
whereas this study employed a similar mesh density for both
models. An additional difference is that this study used decalci-
ﬁed tissue, which might be a smoothing factor. Although the 2D
to 3D model comparison is valuable for this particular study on
axial sampling resolution, it is of importance to note that this
comparison cannot be translated directly to in vivo 2D and 3D
stress simulations. This is because this study did not take any
circumferential or axial residual stresses for 3D and 2D models
into account. Residual stresses have been shown to have a crucial
impact on peak plaque and cap stresses as well as on comparisons
between 2D and 3D models (Cilla et al., 2012; Ohayon et al., 2007;
Tang et al., 2004). Residual stresses are thus a vital constituent for
accurate plaque stress modeling in vivo. Unfortunately, residual
stresses are currently unobtainable from in vivo data used for
non-invasive FEA-based plaque vulnerability assessment studies
for which this study would be of relevance (Sadat et al., 2010). To
truly investigate the outcome of 2D and 3D model comparisons
including residual stresses using more than one arterial segment
should be subject of further studies.
This work showed the possibility of using histology for 3D
biomechanical plaque models, allowing contours based on a high
axial and in-plane resolution and enabling the inclusion of thin
media and adventitia layers, all in contrast to using in vivo
imaging data such as MRI. The use of histology, however, also
led to certain limitations of this study. Decalciﬁcation was applied
during histological processing which resulted in the fact that our
study could not include macro- or microcalciﬁcations into the
models. The possible effects of decalciﬁcation on the outcome of
this study remain unknown and should be investigated in future
research by for instance utilizing additional mCT imaging. It has
been shown that the presence of microcalciﬁcations in the cap
can increase the peak cap stress 2 to 5 fold, which is signiﬁcantly
larger than stress magnitude changes reported in this study
(Rambhia et al., 2012; Maldonado et al., 2012). A minimum axial
resolution of 6.7 mm would be required for adequate reconstruc-
tion of microcalciﬁcations to evaluate their effect on local peak
cap stresses (Maldonado et al., 2012). This resolution is beyond
the currently available non-invasive imaging modalities. In case
of microcalciﬁcations, the results of this study still provide
valuable insight into the cap background stress. Furthermore,
axially aligned stacking of the cross sectional contours neglected
the lumen centerline curvature, which might inﬂuence results.
However, it is reasonable to assume that this curvature is low
compared to axial changes of geometrical plaque features and is
thus of little inﬂuence on the plaque stresses.5. Conclusions
Axial sampling resolution was found to have a minor inﬂuence
on general stress distributions and on the peak plaque/cap stress
locations. Also, the relationship between peak cap stress and
minimum cap thickness was found to be unaffected by lower
sampling. Lower sampling did, however, have a major inﬂuence
on the accuracy of the computed magnitude of peak plaque/cap
stresses. Therefore, it can be concluded that high sampled 3D
models are required for accurate plaque vulnerability assessment
using stress magnitude as a measure for rupture risk.
Conﬂict of interest statement
None declared.
H.A. Nieuwstadt et al. / Journal of Biomechanics 46 (2013) 689–695 695Acknowledgments
This research was performed within the framework of CTMM,
the Center for Translational Molecular Medicine /www.ctmm.nlS,
project PARISk (grant 01C-202), and supported by the Dutch Heart
Foundation.
References
Akyildiz, A.C., Speelman, L., van Brummelen, H., Gutie´rrez, M.A., Virmani, R., van
der Lugt, A., van der Steen, A.F.W., Wentzel, J.J., Gijsen, F.J., 2011. Effects of
intima stiffness and plaque morphology on peak cap stress. BioMedical
Engineering OnLine 10, 25.
Baldewsing, R.A., de Korte, C.L., Schaar, J.A., Mastik, F., van der Steen, A.F., 2004.
Finite element modeling and intravascular ultrasound elastography of vulner-
able plaques: parameter variation. Ultrasonics 42, 723–729.
Chau, A.H., Chan, R.C., Shishkov, M., Macneill, B., Iftimia, N., Tearney, G.J., Kamm,
R.D., Bouma, B.E., Kaazempur-Mofrad, R., 2004. Mechanical analysis of athero-
sclerotic plaques based on optical coherence tomography. Annals of Biomedi-
cal Engineering 32 (11), 1494–1503.
Cilla, M., Pen˜a, E., Martinez, M.A., 2012. 3D computational parametric analysis of
eccentric atheroma plaque: inﬂuence of axial and circumferential residual
stresses. Biomechanics and Modeling in Mechanobiology 11, 1001–1013.
Creane, A., Mahar, E., Sultan, S., Hynes, N., Kelly, J.D., Lally, C., 2010a. Prediction of
ﬁbre architecture and adaptation in diseased carotid bifurcations. Biomecha-
nics and Modeling in Mechanobiology , http://dx.doi.org/10.1007/s10237-010-
0277-8.
Creane, A., Mahar, E., Sultan, S., Hynes, N., Kelly, J.D., Lally, C., 2010b. Finite
element modelling of diseased carotid bifurcations generated from in vivo
computerized tomographic angiography. Computers in Biology and Medicine
40, 419–429.
Falk, E., Shah, P.K., Fuster, V., 1995. Coronary plaque disruption. Circulation 92 (3),
657–671.
Gao, H., Long, Q., Das, S.K., Sadat, U., Graves, M., Gillard, J.H., Li, Z., 2011. Stress
analysis of carotid atheroma in transient ischemic attack patients: evidence
for extreme stress-induced plaque rupture. Annals of Biomedical Engineering
39, 2203–2212.
Gao, H., Long, Q., Graves, M., Gillard, J.H., Li, Z., 2009. Study of reproducibility of
human arterial plaque reconstruction and its effects on stress analysis based
on multispectral in vivo magnetic resonance imaging. Journal of Magnetic
Resonance Imaging 30, 85–93.
Gasser, T.C., Ogden, R.W., Holzapfel, G.A., 2006. Hyperelastic modelling of arterial
layers with distributed collagen ﬁbre orientations. Journal of the Royal Society,
Interface 3, 15–35.
Huang, H., Virmani, R., Younis, H., Burke, A.P., Kamm, R.D., Lee, R.T., 2001. The
impact of calciﬁcation on the biomechanical stability of atherosclerotic
plaques. Circulation 103, 1051–1056.
Huang, X., Teng, Z., Canton, G., Ferguson, M., Yuan, C., Tang, D., 2011. Intraplaque
hemorrhage is associated with higher structural stresses in human athero-
sclerotic plaques: an in vivo MRI-based 3d ﬂuid-structure interaction study.
BioMedical Engineering OnLine 9, 86.
Kock, S.A., Nygaard, J.V., Eldrup, N., Fru¨nd, E.T., Klaerke, A., Paaske, W.P., Falk, E.,
Kim, W.Y., 2008. Mechanical stresses in carotid plaques using MRI-based
ﬂuid–structure interaction models. Journal of Biomechanics 41, 1651–1658.
Kural, M.H., Cai, M., Tang, D., Gwyther, T., Zheng, J., Billiar, K.L., 2012. Planar biaxial
characterization of diseased human coronary and carotid arteries for compu-
tational modeling. Journal of Biomechanics 45, 790–798.
Li, Z., Tang, T., U-King-Im, J., Graves, M., Sutcliffe, M., Gillard, J.H., 2008. Assessment
of carotid plaque vulnerability using structural and geometrical determinants.
Circulation Journal 72, 1092–1099.
Loree, H.M., Kamm, R.D., Stringfellow, R.G., Lee, R.T., 1992. Effects of ﬁbrous cap
thickness on peak circumferential stress in model atherosclerotic vessels.
Circulation Research 71, 850–858.
Maldonado, N., Kelly-Arnold, A., Vengrenyuk, Y., Laudier, D., Fallon, J.T., Virmani,
R., Cardoso, L., Weinbaum, S., 2012. A mechanistic analysis of the role of
microcalciﬁcations in atherosclerotic plaque stability: potential implications
for plaque rupture. American Journal of Physiology Heart and Circulatory
Physiology 303, 619–628.
Ohayon, J., Dubreuil, O., Tracqui, P., Le Floc’h, S., Rioufol, G., Chalabreysse, L.,
Thivolet, F., Pettigrew, R.I., Finet, G., 2007. Inﬂuence of residual stress/strain on
the biomechanical stability of vulnerable coronary plaques: potential impact
for evaluating the risk of plaque rupture. American Journal of Physiology Heart
and Circulatory Physiology 293, H1987–H1996.
Ohayon, J., Finet, G., Treyve, F., Rioufol, G., Dubreuil, O., 2005. A three-dimensional
ﬁnite element analysis of stress distribution in a coronary atheroscleroticplaque: In-vivo prediction of plaque rupture location. Biomechanics Applied to
Computer Assisted Surgery 2005, 225–241.
Ohayon, J., Teppaz, P., Finet, G., Rioufol, G., 2001. In-vivo prediction of human
coronary plaque rupture location using intravascular ultrasound and the ﬁnite
element method. Coronary Artery Disease 12, 655–663.
de Putter, S., Wolters, B.J., Rutten, M.C., Breeuwer, M., Gerritsen, F.A., van de Vosse,
F.N., 2007. Patient-speciﬁc initial wall stress in abdominal aortic aneurysms
with a backward incremental method. Journal of Biomechanics 40 (5),
1081–1090.
Rambhia, S.H., Liang, X., Xenos, M., Alemu, Y., Maldonado, N., Kelly, A., Chakraborti,
S., Weinbaum, S., Cardoso, L., Einav, S., Bluestein, D., 2012. Microcalciﬁcations
increase coronary vulnerable plaque rupture potential: A patient-based micro-
ct ﬂuid–structure interaction study. Annals of Biomedical Engineering 40 (7),
1443–1454.
Redgrave, J.N., Gallagher, P., Lovett, J.K., Rothwell, P.M., 2008. Critical cap thickness
and rupture in symptomatic carotid plaques. Stroke 39, 1722–1729.
Sadat, U., Li, Z., Young, V.E., Graves, M.J., Boyle, J.R., Warburton, E.A., Varty, K.,
O’Brien, E., Gillard, J.H., 2009. Finite element analysis of vulnerable athero-
sclerotic plaques: a comparison of mechanical stresses within carotid plaques
of acute and recently symptomatic patients with carotid artery disease.
Journal of Neurology, Neurosurgery, and Psychiatry 81, 286–289.
Sadat, U., Teng, Z., Gillard, J.H., 2010. Biomechanical structural stresses of
atherosclerotic plaques. Expert Review of Cardiovascular Therapy 8 (10),
1469–1481.
Sadat, U., Teng, Z., Young, V.E., Li, Z., Gillard, J.H., 2011a. Utility of magnetic
resonance imaging-based ﬁnite element analysis for the biomechanical stress
analysis of hemorrhagic and non-hemorrhagic carotid plaques. Circulation
Journal 75, 884–889.
Sadat, U., Teng, Z., Young, V.E., Graves, M.J., Gaunt, M.E., Gillard, J.H., 2011b. High-
resolution magnetic resonance imaging-based biomechanical stress analysis of
carotid atheroma: a comparison of single transient ischaemic attack, recurrent
transient ischaemic attacks, nondisabling stroke and asymptomatic patient
groups. European Journal of Vascular and Endovascular Surgery 41, 83–90.
Schaar, J.A., Muller, J.E., Falk, E., Virmani, R., Fuster, V., Serruys, P.W., Colombo, A.,
Stefanadis, C., Ward Casscells, S., Moreno, P.R., Maseri, A., van der Steen,
A.F.W., 2004. Terminology for high-risk and vulnerable coronary artery
plaques. Report of a meeting on the vulnerable plaque, June 17 and 18,
2003, Santorini, Greece. European Heart Journal 25(12), 1077–82.
Speelman, L., Akyildiz, A.C., den Adel, B., Wentzel, J.J., van der Steen, A.F.W.,
Virmani, R., van der Weerd, L., Jukema, J.W., Poelmann, R.E., van Brummelen,
E.H., Gijsen, F.J.H., 2011. Initial stress in biomechanical models of athero-
sclerotic plaques. Journal of Biomechanics 44, 2376–2382.
Tang, D., Yang, C., Zheng, J., Woodward, P.K., Sicard, G.A., Safﬁtz, J.E., Yuan, C., 2004.
3D MRI-based multicomponent FSI models for atherosclerotic plaques. Annals
of Biomedical Engineering 32 (7), 947–960.
Tang, D., Teng, Z., Canton, G., Yang, C., Ferguson, M., Huang, X., Zheng, J., Woodard,
P.K., Yuan, C., 2009. Sites of rupture in human atherosclerotic carotid plaques
are associated with high structural stresses: an in vivo MRI-based 3D ﬂuid-
structure interaction study. Stroke 40, 3258–3263.
Teng, Z., Sadat, U., Ji, G., Zhu, C., Young, V.E., Graves, M., Gillard, J.H., 2011a. Lumen
irregularity dominates the relationship between mechanical stress condition,
ﬁbrous-cap thickness, and lumen curvature in carotid atherosclerotic plaque.
Journal of Biomechanical Engineering., 133.
Teng, Z., Sadat, U., Li, Z., Huang, X., Zhu, C., Young, V.E., Graves, M., Gillard, J.H.,
2011b. Arterial luminal curvature and ﬁbrous-cap thickness affect critical
stress conditions within atherosclerotic plaque: an in vivo MRI-based 2D
ﬁnite-element study. Annals of Biomedical Engineering, http://dx.doi.org/
10.1007/s10439-010-0078-3.
Vengrenyuk, Y., Carlier, S., Xanthos, S., Cardoso, L., Ganatos, P., Virmani, R., Einav,
S., Gilchrist, L., Weinbaum, S., 2006. A hypothesis for vulnerable plaque
rupture due to stress-induced debonding around cellular microcalciﬁcations
in thin ﬁbrous caps. Proceedings of the National Academy of Sciences USA 103
(40), 14678–14683.
Vengrenyuk, Y., Kaplan, T.J., Cardoso, L., Randolph, G.J., Weinbaum, S., 2010.
Computational stress analysis of atherosclerotic plaques in apoE knockout
mice. Annals of Biomedical Engineering 38 (3), 738–747.
Virmani, R., Kolodgie, F.D., Burke, A.P., Farb, A., Schwartz, S.M., 2000. Lessons from
sudden coronary death: a comprehensive morphological classiﬁcation scheme
for atherosclerotic lesions. Arteriosclerosis, Thrombosis, and Vascular Bilogy
20, 1262–1275.
Virmani, R., Burke, A.P., Farb, A., Kolodgie, F.D., 2006. Pathology of the vulnerable
plaque. Journal of the American College of Cardiology 47, C13–C18.
Yuan, C., Zhang, S., Polissar, N.L., Echelard, D., Ortiz, G., Davis, J.W., Ellington, E.,
Ferguson, M.S., Hatsukami, T.S., 2002. Identiﬁcation of ﬁbrous cap rupture
with magnetic resonance imaging is highly associated with recent transient
ischemic attack or stroke. Circulation 105, 181–185.
Yuan, C., Kerwin, W.S., 2004. MRI of Atherosclerosis. Journal of Magnetic Reso-
nance Imaging 19, 710–719.
